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The pret-ent.state of' microwave power combining, techniques has

recently been effectively summarized in various review articles.2-

Essentially, circuit-level power combining techniques can be clasnni-

f'ied inlto two ba-.ic categories: (I) "corporate" or "serial"

combiners, wh ich successively combine increasing, levtels of ;,ower;

anid (.') "N-wnvi" combiners, in which BF power Crom mul tiple devi ces

it- comb itied in i o s irgl e step. Thle N-way combiners call be ['urtlier

subr~togo i edintto resonant arid nonresonart. structures. h e

wavegu ide combiner of Kurokawa and Magralhaes 5 and the circular

cavity combiner of Harp and Stover 6are examples of resonant

struct ures. The Iilkenson N-way combiner 7 and Pucker's five-way

combinier 8 atre examples of nonresonant N-way combiners.

Each of the combiningr scheme,,; mrentioned ha:-, advarntagf- and

;soc ia~ted Ii ml tations . Corporate or serial combinrers have inrherent

isol at I on among dlevi ces thereby eliminating ioi wrpodcIo

interact.ions while providing- broadband performance. Hlowever,

sitbtant jal circuit losses can decrease combining- ef'ficiencyv it'

these structures. Pesonant N-way combiners usually require ,omne

form of selective stabilization resistors to suppress unaesiren

interactions amongf, devices. In addition, the high-O nature of

the cavity circuitry usually leads, to narrowband operation. These

combiners do, however, have higher combining- efficiencies since

power generated has a more direct path to the output. 1Nonre::nnari
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and o i rou i I wh i ch trtlv i dc the neces sarY con mni, i I-ns !* r o

com~b ino r.

0i.: r~h I ': x pt, rm ri 11 al inlviecijlr inn-

'lb. I-WLI ol'C this .-,Iudy i , canl exl.r l Tinell 'I I ve i1 1. '"0hi(' or f(

new rrprlrooclr- ti Ci or.1i Lt, I ('vo] Iowf'r crnhi 1)i Ix' 11 Wi. ICh I lor- 'I c

KM I i ii' , onn)ih)in irw- nti two rkct, :rt u o'i, w i I Ii 1%rii i m 1. "u li '? (i- , c,-

to eotl i:( mestalle combirier. 'The' nups f' the de -, or'ri-l

in t hris i rvect;1ifat ion is riot to- achieve, hif-h )ovior capabi, It I'll*,o

rathe r to demronstrate a techin iquo for coo i I no c m hI combi ni-c asii

f'ir nuTttAork. In Cliapt~er 1 1 of tlti isoc ort, -umlmar'' of tlho Ie

;i' ta ini rig to loccc lens N-way IMPATT ditiodo, -wer comt nrr- nr(-

sented. An in-depth analysis of these tyiloc of o'lIrr ctrr

is docrumented in a report by Peterson and Hadd-id. ' 1cr

of' analysis relevant to the impedance descriprtion of 1 " 'xrerar-

tal combiner are reviewed for reference. The inir'ol1ica
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(15 ipt. ion of th Ie Ire neral, comb iner net work, -I aI tn w i 1-1i % e (it !1 0

iti t;%.I I,- . iol of I he H c IIIlde:;.i red itit,etl, i. t w I it .I. canI I c li (,'' t ,'I4I i .1

,i cer o i- i n comb i nerii of h1i t y pt, . Stai 1 i tv CoI al n i i 11mp( I.(

on the com b inetr Ici 1cm1 it rv are de rr i bed wh ich i nolir %t, I~ ~rt

operat i on wit ii e p rov 1 d i nit adequate des i cm f1 ex ib i I y

A do: cr i pt iont of the Vatri ous d i odo tolt C i rccu It,: u-n ;

character i re ( I selIect appro pr i ate (itv i i j irive VtrI. !(:~ f--ro

'Plie me-asurement test, set is brie fly descri bed(1, an(, dcv Pt- Oilarac-

ter i zat !i rer;ul ts a re presente d. Section 3..? (ita i*l r he e

.91i 'on 51 rcd. on of a two-diode ml erort, rii p exampl e 1.hatonco..1

ver ifit mc the 1orem approach to IMPAl'l diode r w'er

('laracte ci ra.1 ion resul ts of i nrl e and two)-d i ode nurai.( arr

renteda for both ri.I-and 1 art'e-o ii1 l drvo 11 vol ::.io o

provider, aI furtlw'r example Of a-I.1 0d ( aI

care a1 oOaxina ci rcuit. deori on pcovticr: the pow-'r i-,rin!- r~. I

lieror itn. ion,,- of r Imnle- and iul 1edIoe0io tr(r :

al1 cn w itbh cnaraoter i at ion resullt.

'Pc 1last. section of), thics report iriol uoi cr1iiIto at

work anrd -.~etonoe ideas for 'ri o
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CIIAI'TI T I

T1HEORY M"~IV N-WAY :;YMMV.:klrAl, I MINI',1 P o:lOWEIN fUMPMiERS

2. I mb ierq Netwolrk Dlescripti on

A rnerali zed network which can be used to combinle iF po1we:r

from mulf . i ple de'tiv-essac evi ce., is !,u, , ~e in iir . .

The combinier structure is ain V + 1 ponrt network. T-port s aire prov joie.

to accommodate the active device terminations whil1e one port 'unc-

t ions as the 'combininfp port"' providinp ommon excitatiorn and

combinled F;" power output. This- port. is labeledl is the -eot crt

in .1 and i- terminated in a load impedance of Z2 -he matrix

d(tseription of' the combiner circuit and the active device, termina-

t ioni. will 1-b. usedI to establi sh the comibiner networ, orn;-rt ic-

arol oierrt ion.- Morooever , the circuit. cond itloncs for real I ntr a

stall 1 esscombiner des i fn usi1np- TMPAIT d1evir. 1eec ', b,

il uch of thie N-device ports; Is, ~ 'm oowitl, n1. %o

1'f
1

i \e-ro.5 i-.tatc device. In this invest ir-it n, IP/ ii ~e

are (icd aL; the. active devi ce t erm inat.i on .ro ["W .ct i vo uevlIct

('N n bfas 'i te wi1tbi an impedanirce P f.-cribjp- I "nc tion,

w ich is -i funct ion of anfyul as freo-uency and !7W

curreni ampi i tude I I The impe-dan ce dec1'in unctin eachC

ofthe N-yiea1ont, with the lonaiv',c termina.ins IV

comb in i ni iort, , earl be represeriled in i di afron, ers nli

matrix triven by

11 di { (IN
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t Iit ci rouit c i be kescrjbt'( by 11 Mne~ne nat ' iX 7. Vi ('I!

C)C

v1 II I I' C,1N T cui

I whio I I I In t he )rlTOet i ( o~lal

'i;~ N :: 1t 1!Ii: 1") f 22 i'w 7.7.,'
onel It Il~t re jA ~~-t x

1 , ib wi !I 'l 1- 0i I 11 )k1 u i t T1 't Ti ~ - if1

'I,-v t t~:i t'litco i n if t ip ! ti " n,:1c ,I'dx T

Ie iik'O n 1.t~ uiew tl i i )j 1 1nk 4, 1n 0 V 4, W

il O i rw -he c i u 1  v o IC ol il tc I

oi t 11e o rt cent i " '1 It Ie run- w - u Iuir e i In (-mui'-"

whIC r u 1 riConli r rn 1K :1 c1: I, vn Wt. 1: 1.''

III( ot c1 W, hu i. II' I1'I n'c i i I tnt.l

rt! 1 11 1r' i 1 IA: , 1 t ub 0 ('e) inrl t'e 1)0 1 ' M t' C



t Ii~ wt I I rI C

whort lu aiit nre t-he ci rcuit, impedaLI( r'I mt ; X ae a

i oen ri tr 1 x , te: t ci vely r i is the il I vector anri I in r (n

At ; r pI') i' li ren V( I,~ ier byi 't Iil h

W hte crlp inr i ;intl oi t he Comb i firt o c ro t Ii I I'( I I It

t rr'n n t lit, net work de;c r i ti, icm itI Iv k" vi I j t. IIe (in )i I I 1.~ r

cIi in unrt ouncrnt, T can be exrsn Wa

V+ k~

Ii M

t tI t lit' tine t aL) o~ t~ in i t h e otruir, in rt 1,1

IiI'71ant . h n t(I~ccn r ir ta

bece e

+ T! tI

whet". th li trimfed qvntt' 1.1 (I1' ri no at I i .

itri'lt it ci e rrt in ' -1 ~r&'e Iven by.



HLI ()+d

tI r rtn i i. t i I ma7tt r 1 x in now ti yenl by

,lIhe ymlttC., r' t-~. pr c i t y propert i e: f t- m j Irir ,

C Ili, w i ie -Ii I-e I'etlote t 1n1 the k m Ltri1x I~ 'Z a t rf tta ien 1

The, nioni rlv i al nlit i ol no f Lu. rti .r ren tl OSt

onl Cor t he comrb i -ler net work. horne c)1, 1 he -t)i-one1 -e 0. -r

odd rd moden will be seen to prov ido no fund arnt Ii ta1§r:Uf

wt, r t he cornbirninfT point. itnl onie oscil latior. mole x en

m( ai 'ii 1: 'i to Ri. p)OWerl nutj ut . . nit conol i t lor;e trzr(

i tten' uId(e: i r-ed odd modec." o're 11 lat ion c"111 1)P

rid ar- ri vet; by
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w i. tic, r ,tI ' Tl x!r

t i ~rVr II HeLW rtn 1 ee1lVt'' I': t a t,1 r~- iv i f!i*rv ri

il Ap.n"Iii ix A. -

4-alr be arr-,'' rat od w 7 N th et ree. evel rrci- ex i

Trrmd, it,-illdu'et A !, crreit at t, h e t -,m br; i ij~ r

i~i e , hl t'un-t ament-l Ri F power, ra'; ' "t

cjr~ejvoeta 'k anr., cikrr spnrilre w ena

w ith t i, iini red 0 ae thatl re -IrItIn t t< !.o

'liti ~ tit a. 1 v i x 11r, dear.t w i ~ rt. a .. .

+

n== 1

'Ihen -h cn a 1i cir. (l c- b) r .9 rn (,11 li

(i~~~~~e~ 1~r b rtr i n t1c eco ties

- ' - I j



1"i .7 I I u., 1,rat "ri i rit -r pr~f t . 1 ri C r :t I jr-( - ( ji dt c( mbihll( r

o0t' I lt o n i:t ruc t. i ye and td0 171('t i Vt pinaj!f're I at, i on vIi iI of th h

Vurvent t th Qw comb i ri i nt! po jit . CI ea r I y I h c n 1 Y ( e s i r e ( mo de f or

El po weri output. 1;the zeroth noewhic h e or rer vetd to X. ariel X

All othe 'rn modei produce rio) fundamnrta~l Ri, V wo rou t

The Comb ine r e 'nvtashave an i mi ortarit T.int erpeet ocr.

resul tintw fromn examination of Eq. :2. Ili. X, Is .- e (1 rcl; irp6

anev e and under thet asEsumpt ioii that all lievlctee ier..., 'r

c-i rouit fire i denti c-L ,ia.2 . I cani he written a1.:

W1h, r. 1 I A s t ab, f- innu o to the zeeroth mod)(e, which- 1

thil funiarer t 2> I I;.Iewer rrdut' imn, mode , woN]l :1 V r equired ifor P;

U 0,

F11 e t; ' ;ri I1 i t, that tX-r thet eveNl itl to I- o '

IT',~a~ I ta!W,! t'rtqueiwy t and~ PF currn-cr t2n.l 'itO w

have tki he real i ,cod. Any so luti on of the other k y, es

N

I~ 
1k =0

i n Fq . .2. resul t i ng in no RF T)ower output . Therfore, n ord] inr

desire , frifrom old-mode Iiiste b ilit ieo requi rcL .:.at. ',he 2 si

dtevice hittraot iOn

be, prevc~rit,o !troni oceu rr ini,
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Ihe pooo- iIIi I it y (,I ri or Ii (ent,j f iu I dev i rte;;, ,idti i Ii ul rm ode;-, oli~t~ r o

I t~ nttfIt i ( )I"' I r 'I '( POli it) I(t. floWevtr, rei-oul t. reporl eii J I,.

tne 1 it rnt tire I ' 1 have founrd t here 'dr it o'ev(r U't 11 uri ik(

ec tit 1.ttey Vt 1'(' 11e ipltl y tl11111ti 1 it V I e- I ii itl'e it 1.1,

ex .1 helt ic''~ 1Vicee:. t hat aire n~early *v i't ik,: I 'ieo 1

1t'tot'1 tie t het ponii t I 1 tvy A '' l rm t- t'rom o(7 r !t ' . 1 0

1Ii'~~ 140 IlT'e rf i e'i 1lt ltW li lt 'it ~ t .

;Vit T 1' I it ' OIret k t I 1. Iii. I) fn, Iy f )mt i 1 . It t'' T' t't W rT 11'1

r o k. cil1 t: i I ow ,i: r

t a*. , 1 A I, ; v ''. v ( . '. * 'i i I:,!

u -, ~~. ra t~ =i .oa -,!ti e f h o m i i n ,A
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A combiner circuit design can be realized by the use of

1MPATT devices with dispersionle:;s sections of' TEM transmission

I ines. The bandlimited negative-resistance nature of IMPATT diodes

may be used wit.1i combining 1ines of characteristic impedance 7 , and

length 9, to provide a stable desitgn with only even-mcde oper:oion.

The combirner network of lip. 2.3 is a:rrnomed to exhib't t.l:e

symmetry propern. ies of a circulant network; the relationsiip be.tween

port I and port ' in. identical to the relationship between rprt i

and any other device pcrt. That. is, all Z (for k = 2 to N ) are

the nane. Furtht- rmore, al l Zkk (for k = I to N) are a l no i d , ilcal

due to .ymmOt rv. Tihr,,-r,, the Cir'Cuit Ieironval 'on '-iven y::'

Se. .ik(2c,/N) +z1 01(2)2 +N ... (18
k ik 27T /M I 21/

becomt, 'geerat. etend

1 2. = ' (N-i) ( ]:

','ith il I , (k = 1 to N - I) bin, ident ica , 1!-' ed-:oe e -en-

k , tan l (

,r k = I t} (N - 1) and where f = 2-n/ i the Trnca-io , -

c, i ent. and 9 is the lenth of a transmi ss nn Iir. '7ii c env .

en(e 'ted with the even mode in yiven by

N i, + ,i7. tori f,

= Z 0

o Z + .iNZ tan F

whwre 7 in the characteristic impedance of ech co ain nr7T v
0



{ t i ti i ;i i H t i r it- :tn dt I ' I: '[ t I I ( 1 1 i ~ fI l ' t o Ii ' T I I b r i h ;, I?

. i t ~ t * I"V, ' (ju i. u i i I ert i r,-u it.:i ('-. ,. :t.i:' w i ! 1 4d w i . !,

'V 'It- lth iliiii-tu t ,t(i" cVi c' it i'I'i' l j ; r t'). r:ur Il t i -i-

impedance o I' a sect ion of di spers i on les; 'EM t, ran cmi i r, in, 11 '

length Z and characteristic impedance Z terminated in ar ,-ff.c -0

load impedance of NZ (N = total number of devices combine:,..

odd-mode eigenvalue, Xk (k = 1 to N - 1), represents a section.

TFM line terminated in a short circuit.

The odd- and even-mode equivalent circuits shown 1!.

specify the circuit conditions required to control iin:rt cui.c

circuit interactions. Clearly for a stable corPr " in. t P

odd-mode equivalent circuit situation must be prevented frram

occurri n. A combiner desiFn that prov i des nno-a ,ii -i }l:

requires that. there be no stable sol ution to lh, -'i-

d it i oi,

7 ,(jw, ) + . tan 13 = 6 V. ."

for a g iven frequency w and RI- current ampl it . .u

can be met by the use of identi,'al IMPATT dhvrc fu hvin :1 cili-

limited negative resistance. Solutions to Eq. 2.22 need only bi,

considered over a limited band of frequencies.

A typical admittance plane plot of an IMPAT' device ii,;wn

in Fir. 2.5. The bandlimited active rerion is c( rl .v~ evdrit.

At small signal, the diode becomes active nerir the di., i, "iva anc("

frequency, reaches a maximum negative conductance,, an i becomes

passive again at some frequency determined by t i ( ,'V' :'rc.'n

transit time. Large-signal contours; ard cor:_taut-fr, qu,,' '. I ur!s

A
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I )OIw' II't reipencI : :t pa";I; i ye (iv i 'Idnu ttanci at cIa I -c i jm~l 1 I vel s

can become ac., t i Ve tor ce rtain ri dr 1 y e 'level s and f rte(Ueno e T i

po i ntt mnust, be kept, i n mimid in choosi ng an approiri ate comb i ner c r

c u it, ( TiEM comb i ni i rig i ne leigth and characteri st i c Iinpeorncc t

nvtcid ;o'lut ions to Eq. 2.22.

SoW ut, i on-, of q . 2 . 2P can be rewri tten as

x jhI to T Z tan l3' , Jl

iiinilri 't ev 'c-l rnitinteract ion t' 'Nccur', Eq. 2 ~

iiu.--t i ;,:t i :fi ed wlici l, 0iI fcr a Itart icuilar cu.ca

~current :inpl i tudc.

C r,,-u i t Coristrai iE 's or ('ad i ner Stab i 'I i t'

Ihi iambi ne r c i rru i t des i rn for onl Y ev-ri-nod e trat. i ii

mre fINi yv ste flied i f the t, e~i i\e hiiode i mpiilance a nd t0c

1 fto~ Ire f ho i' d-moIn ek eim i Val ofnt c i rciui it :u-,, r-,I t C (,I. I'l 71!

-: hart, a i lttralted in i 1.' lit lii urt lIf'

,ilv 00 curIvf (nt'at i ve o-,f th1w d! Ode impcdarw I ' l iit,t~ t <' f":.

t.V;)i c-al INTATT d i ode i n the inverted ret 'l ec. ii ci[r,~ i t 1 a>'

( i i !Ic 'n 11jnied -w it Ii acti ve devi cei- art, p 1 E i Fnc Id1t he

SM i t h h (it ii 'Lt, 1 litifi IMjwdicneen c.rares.ponui i iO is . v'

I re 1 N I o t i , it ) Nu e if (hIIa rt. . 'Exam inn t'i' Ni, iNt' '.

tfiat, iii' Ii iic 'i act. lvi' at. a freque('n\ I' lar the ii ''I,

'IV 1 rI'( lINII nc , anns ii ril airit. of' mimu i).

('iiiand bc le a;:Vfitinat tlli' r'iii;.. ,'1N. f
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to provit'id tid-lodi' 1Atntj I t y oVer I Iii -lot ve, b:Iridwidt'l I

iM1UYUlT device , a c ircu it de F i t7ri mu st b e sel e cted -u o, tI ia t r-

intersection will occur between the circuit curve and th(

cuIIrv e ( sina II - atnId I a rt,'.e- " i gna I ) at a iv en f re qu (it ey an Ii P" in, j

i uide. While the dev ice 1:,: act, y e thu 1'r.'lu en ' ntVIII

i fit .'rpret at, i (I of, aVo id iru fthe f i, 10 lnItiot condi t lit o (f "(.....

'Flue lhei ce f circui t that. vrevi der.- romlbi i'loorn

st ab~ 1i ty i.- c'onst rained bY

-x 7, tan ~ : Y

where ii- ( rhe r'eact.ivye port ion of the dioi die pccance 'Pe

rea-l part. (4' tlt diodet iinped~ir'e P( (,c i1- 1 dt-nt. ical lv vero; i~

1 0 1 I'Sr T ,'1K ('011A ilii t' 1-l'L~illTli i I 5.5 It( 1) Wle i s . 'I iVClv. V

W111vel 11roi:tt',:i t j onl ccriotiut

'1te re-quiremine.t. for comb iner stab i it v , iind i rated- by P

'2,cari bert be pcreeTtted i 1' unwl ezs art, a.re'eln it ei with Ia:inzue

t-UPj attItir I:- .Iir'lrt-cj1rilite'i burTl h o~Q.

(it a1 ~ t 1t. char't , t hii :- trane 1 at el'r t( Ian i ri sr' V . V'1 1;

-r irsI,- ter h,, Ii ii oI hart, in a e rw ife.iw.e
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The stability constraint., of' Eq. 2.28 specify th,- :-eect'or.

of the combiner circuit. The T1I- combinini- line length c ieterrr.nes

the impedance angr es 0(w c ) and 0(, ) The .1 eeled normali'ati r.C n

impedance Z scales the value:, ofX (, and , ( ' ) .arX cor:.i .r-a-

tion of line lengt.h and normal i zation impedance- (oharacterl

impedance of combining line) that satisfies F1i. ' . 0 sur.,ornes

circuit-device interactions that result in odd-mnre instacil;ties.

Diodes must, however, have w /w 2 to satisfy the stabilit,': cri-
m c

teria 1  of Eq. P.28.

The greatest flexibility for a stable combiner design is

obtained by using the variables

d c
X" (- )

m

and

_ = (2.30)2
(tlo

C

To malipulate the stability constraints of Eq. 2.28 to

o( ~) :" - 2 t, an - 1

c - 2 tan- rX

and

a tan - 1  1 tan-1  + (a - ') = 0 , (2.32)

dispersionless lines are assumed and 0(, ) = a(, . iuati or,,;

2.31 and ".32 provide the criteria for cli: ,ing the combiner

circuit.. For a device with a Fiven a and 0, the equality iT -(q.

2.32 can be usod to find a maximum value of X from which a v-lue
rn

[ ... . ... .. - ....
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II i -. IIjv" I It i 0nI ra'-i t wi. 2-w ), fl

Ip'' Ii , I o, I of :M1 imr''Iar'' ft'a:L ' " r'(11, t

1-() ':1 '\ t o i k I , W Id n Is 'dart ,~ i h c' f. ij i I at. ir

C ons r d rat, I onrm u t Ie 1, 1ven to t II rr II de:I r VI' ( ff i o Tf c t In at i- eI

(as:ide from phy si cal c on est. i onI im i tatint Itl ;,-t aesi rat 1 0 1t

h ave Ohe opti morn iwer i mpedanc e i01 nt rot ate throurh the T H-1

c cat it i nt7 line tO o- a eal vailie , fa ili tat inr I he, desifn of .12

ccaW ncr a a amp ifi er or cIltr

"he o-ho ire of' comb iiinf li 1ne It-rifth 9 and chara(cteri-i',

:Or~ace to v a rea.,l axiSinaai and still Lrrovi(ie 01

M, -

A'c i vwpl co. 11 1- er :t-I r,,:!t ~ (-0w

OIhowS- t he irmata tWe :''r ) c 'atXtr: .: .rv"

e1xre t': Tne-ru al IV :e(t err: Ir Q J a oe Warr.: e t.a-'r

C mA with a voltage o : rxmt> &V Uitl1.

niorma Ie i: et'dre occ 10' ,it freuec v = al.J ,

0

It r~rtoro-trite -7 to a real axis value wi: c

lmpoeince gra rthan unity) at the combi nir nt t

inl tdiroufh ar. antgle e 0= 2hk (0 )z9 = 4.014, raa . c

corresro(nds to a TE1M line len4'th equlval er. , = .

read from the Smith chiart, vrh(ere ct- aeIo- r

W.Th e q uesLt i on thI at m us t no-w hIe co ns I,' .~

cular Val ue o f TEM I in l-,Iength sat is f iesF t hf stat, I i .....

of' Eq. 2. 28a. This may be checked grraphically _,)Y~n
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ff

which i.sumet; di -pe, r i)ni rs I i TieI;:. 'T'he TtI"M comni it in i, I (.nttI

can now be expressned a, , O.P(0A , where f .= .7 o.,,

asaumed. The :trgle 0 = 2 0(. )9 = 2.8)4 rad and re:e'renct-d as riw .

clearly sati ;fies Eq. 2.2)8a for odd-mode stability. In thi:7 -xam.,

a normalization impedance of Z = 35 Q, was chosen. The larte stani' A,'

mar 'in supplied by this IMPATT device provides bnth odd-mode

stability and a real axis map for the optimium power impedance.



Ml Ia 'i et: Io(f I MI'AlTi t, v itiE 5 wit It h tiip( ~t nerriit Vt--

i'tes i lt rIc ' t I*:Itctetrt ;t: c is ;!t tierii I fo (r I lie r-t-ati zzit I'r o f a~

s;t ao It, I 1~ s M 11, Ca u ti ir hndidate diic. tinU::' (-Xl, f)1

ct! r t i T tteaulI' (i 0 tlttiac teori E i t (I) I 1i f *i tv ci'o: a mils t , la;,' a,,

I I Iim -i I :I-s- W.it at i ,ii ve f V : I % ,t si t w I (i, i , ; i r~yw 1:9'

(uil-Plijk! o om)Tb Iie i w ist I I ii.'l1) i s ':tn rtresul T t n) ,l ev i C, -:- mil

have :;uilabl1( iinp I tmr':re letvel w i 1,h ro-e Iw th !. mb-a:.t ci r-

ou i t wiii ch i n-,urt>2I aiequat I -- Ct! cut i cr -ti itn for lJIode nmeasu re-

mont ; and (3th e ct-v i-e!-; Itlns r be, near. 1 i -len t Ir al irn thIe ir ac t ive

regi on.

The dievice cliaracteri St ic's, as rnettsti'ed , d ependa 1ar,-ely or.

the te-st. circuiit in which the diode i..: measuredi. Therefore, a

dov ice may rteqir( Cets iteI variotus t' rcits he tieterminti the

trtes-t. niesi r-ai oci ruiit to(1 trann- term the dcvi -- rele.i

t his-,i m I nv "tint i 1('a sed i dat.- Itl /;VV" dovi '' ws o r raracte r, eta

vriousim m i cernst r i pt te st f ixt uresc t c s-at] fI ti eVr, qti redi teasure-l

characteri ut. ic -rnmerit macni above. In tii] n way inot o:'ii v were cult--

able c nuyb iner bc:csslote ut tll e c-cd : 1'e t' ciron ii chiarac -

tori st i s were 'tl hd

In thlis e ri-art ii itr (ti ! I: .*,- i.

a pprerirnat.-e clF'i- and s cIc-'. i' it hi' . I ; t, t jr - ,

pres-ett- . "it, l~si(mnt *iViS' 'li' i ':c-,

the measurement t '-f-ret, Lrti o-it -Kl r :71 . '- tr-

d issed ni .rn) tre .



dc..;i lt'w as pul s-'d po(wer' 11,11'0 -.p t. X-tnlnd LlId KII-hr,iH 1

packat~ed dev i e: were ( )perated I i 1 a W moldetat I , -W( r c Ur t 'i

in this invest. ratioin. TIhe golhere wltL. rv 1 hi ir P

1level s hut to demonstr-ate the cornhini riw teohni quo. A:.

ty p ical d iode pa ramete rs- o f t h fe ev i c es 11,-, In 1h 11 : .' v-"'

in Appendix C.

31 iianic i' xperimyent. Test Set and M~easurement '>crn.va

A s;emi -automated microwave measuremerit (I ;sternrsrvwriA

1. was- us ed to( meas3ure and process i mpedltnict tata Pt n:rrul

var in0n.-1 (le-vLi ccc and network.s in order to (jet traili nin2ra

s;itahi e comb-rier deig. he meas-urement 5' .scr1Cs'

a micr'Towave network analyzer, ti synthesized gnli-rlera*t, r, aIn'

a re~flection t es,-t hox , all of which are in. rnece throiitl. a

s~ystem-v mul tiprogranmer interface and interfrtc> va u o us (Rii-1

A 7iewlett-Packard 9825-A desktop computer, wi th its rc sf7

ware, functirned as the measurement system r'mtr 1 los privid lnp

communication and data transfer from the measurerrent harkiward to,

the compute-r memory and to output peripherals. Ti is s-Ystemr ii

diesigned to provide a fast and accurate method! to collect., l(O5

and pres-ent measured impedance data from a devi ce/network ind(er

test.

An et'Wleci c o 'r~rtueets..rer

writteni in H!P (Hiewi et~t-SILckard ranf-uage ) has: 1" yt r

th is measurement, sysv tem for- control of the van ,)ui narsiwatrt,
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It ltVtI~r;i~ it ciriiIt, till I h, e* ie d W fli r '~ ,t

re !u tl P T e;flIy , and the, method mot-t frequen~tly: used in . lt

tJudv , Smith chart. plot,; of normal izyed impedance v!-. frequesry (A

active dev ici/networks art, used.

hec omol,,)ete returement sy stem of Fj . 3.-l is al most t~fr-i iN

aurtomnatedt. 'Tow operator it- requi red to irii ali1 'se frequencyemv I

and n tSz rid to( manually 11V ine tanrliarl- load t. rr. nationls

diirinO a n ~tem-tt' Ca-jjl bitjt I n 00jus. h sys temn ther, reoV)(it

by mak i rg oal i bra ted , 'Iwept' !(I qnny measiurtmen t.L s of' tlhe rtftl£ 0 inn

co-efficient;; t'o a devi ce under I: .The, s.vtlIr itom c ~

the i andardi ere-port refe ction mewaturenen t, error rc'del ,showr, -ii

Fig. . S in cal ibratirg the teIt -o oct. and rrov ie::,. erro)r 1,(,,eic

data. An abtbreviate-d fi owcharl -' theori-lr mieasitrevmenf.a

cal ib rat ion procedure i s shown ini g 3. 3. The onerat i-ri ar. .

hardware i riteg rd. ion Of the ;tei~-atutomated microwave mauei

svtenare well1 known and doe ;imcited in the re ferences ,.

render i s referred to thos-e reff recse for a more i n-dep? h ii.

Of the sv t mand its limi tat lon.

'1.1 .1 Meat;urement. Ref erence P1 ane . '1- error-c-orr,. le i

ref etiori cnoftic-irit, dita PIt airwd fronr tle (>1 W (r. 105

t,(. F t is ,,1:' Iri11]V r' iIe,r irerl to 1 1ri& o ii': S i'i 5I ~ '

It the to I totIf r ilr ;n 1 xt boX rS .12~

T. 1i PTh Ii ne Tr, Iacl ryas ire ihi r an I ;: lita P
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tile des ired irnpt.Aaneec ot' the dev ice /rietwork undo r Test 1 tne

is~ rot ate d throlwch a nev tior 0)!, I Ism i nor I inI)n ((. cIarac ter l jo

inipediane e Z, and 1eritgt~h V, ) connectinly the rnealureori I. port Wih t'ho

Mi ined b)y e ithter pity i call y add irig1 I in, ength to the mettnurrem.~~

port (i .et. , Iin re.lot t - inr the refl1ect ion ten.-t b~ox or by.

ntatteriat i cal ly '"roll ilrig down"' the referenot, p1 ammo u tIhe,

expro.enn Ion

Z' tall ~

-htl t 'rm~

t hit mathlertmat i cal applrOacm wan-' tl:ned 1 t 't 1. 1 '. . i !1;,

~l d~lkt ,in [t1 O Wm~ '41 h

i
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C.-Ind ji tt Comb1 it n0V it-v 10'- WI' r( ' i 1 or ''
0

mi cro:-t rit, tes t, @1W lit !3O~ 1 iown S., F ''

s tri 1 te w as- tan, ,a atc n2 (1 , )1 0 a uri wl: '1! t

turn: W.I.; tV X "1 LIV 7:l * l2pfi d V1  'I A r

(lol d wi;r 1 0 (000C'CV in1 ( i tamye :I v n i tlr~rrrc 555 , so::

the ts 0'v ict to (01:v 0112I of tiel?' rlrl -ct.1: 1, ~. :1"c" r

P,! @oi> ~t' r Ils o: tit: otiktj:' -1. 4W!,

W;it1 iL '~f5 t t' 1( i l~it.' 11 tn !tE 3U1'eT7[ij I t ~ .t

CI , 1( t I rhVieC @ri'Ot' ilitt2$11 e5 I v 051: I .. t ic 1,. 2 . br

imnedri us mat ein ri etwork. wouldH be r(oan: ulr-

ci ecr roc t, L.:e2t en tnc ('ti t'c:c ' a I.i~f

V7:.:: o crr1 oCl x1. il': EO 7 7

ro ~ ~ ' '" 'V lji

"0 "o IT ' r x :!j

rt -' ot on-Ia11l51,!..l cti r, i, i .. rr -
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nOc i : toril 1 - : i I 1 ti I It ti. IC -i W II III' Itll r-711 1 10

tra rimo 01 ! lor, I Itt r 41 1. -A Lv b10rl ':,Wn 11 (i IV t t .-

the ti ,''i Vi i P.' ~ I )! fujI Wit, 11 .1 I i : T fl'r Tj I h(- rev -

lei cro ?' ri i t (il h 1 Ittl b 'It ()C a sV.I~I V (t%
0 t  

I4 '

re;ort n I nod i I wPit " ci i0 v tori' )V Io n 1 J! .0 ]

te t i V'ct i ('. Nl)7 i t 'ITj ), W I 0 i1: 1 1,

I ished 'r: bic~ 1 1t 111 n v I a' !"u . .ulf I

ro t cimpdfcu , it a~r of 1  , re"rew- I''' r 1wrp

I ~ t uer ti l, 1, Jt ', I 1 1 '1

nf Melb Ab rmtI Nvc1ini o f1 W ie ar I r a r I.'i:

iIent ('iV .illt i n'i 105 o 1-' tla Ii~ S cr. o 1~1to " W! I

,c Ln tIn 1 ,a !et" r'te l t.Co tr I ~ r I r-(i T: I, I. ' 11

tm '1- t' at. t ( 1 ' d c It 'x I

Tj-ise 3.1h1 (11w lust d f ii i t t !.I i I -

Ab Ii t.~~ Ol 01h:0 1 CI liltE .2 :',. ' 1

C r n t ro iw t-1 if Ir a a'1 ' -- ,

for'~~~~ Ii slrrt t) al: -lrei I t I .'li~ " i u 1- - I
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I ti [ (l'' i re i '' I ,: 11. 1 t 'ti ins hI l I v i Ti

tmat eli linee ill - Vti ,-t il -1 Lfi t-Vt' T! 'ttd'l' ieel v :V1;i i

vc tflbiitl (tT i rli. H i 'Ii I v ' 1ef '('i' nt \4&t'' r;1 r:'l C'.

trat'lt'riea' t.hi1- ",Ii tWI iii :far 70 t ul ttiT:L U -: t -

w It's t lit, Tint i va' tic'vi t- 'ia t'( P.!" I-t' 1ti'a 1 ' tt ''

b ins tli'u t1T5' Uv l tot' i 00, :uni 1 ' iA U l',e ' jla 1:'

larfs' rti2urit ' t iIt: l, lt'iatx ( vt It': . 'n' w' 1 t. I ''n i

It' rt' IT tll C'i
t l 'i 1 TIS 1hi 1t y mn s i 11 !,or ai lftab I r 1-c .

Ic ; e C sne ha I' ra S t ie , lt' ci re Ii I f, IT ti ' in'>' ' C ' *l- C t %I, v

T-11 ;t. 1 ef insilije the dioi tt' i 'it n''( WTIie -h i ''1 (2

aclI I ' i w Ith L soi',t last l 'I ''4 A) ''>''

i' r i' a ta k fl IV t ' l t'I' it t i Jc(e' -

1)151F1C tJ Ii lls' [M11ATl' 4( .''V I hI IiA IIT, t 7 I . W t 1 l''I u N.'

1) 1,i' ti I '' d 'tN 1 r io Ic cI 1 1 ) i i t t' f r I5 h, k~ - I 2

b i as i tii' c e ri iit, n t1 f x t lt- I I tirt' a ts ; emi I '' m i i, t t' i rilT itItI blA o '

rind twf wt -n,5(' I cc tel, fc r j5c in i 1,e cant' i n rt'

'oh t n ' I' ret W e ,t tt; i r -it 'i 1 ' 1 1 .) ! 11 ir u i ixt''t. ' 1,%
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On!', ennI o C the Hi'C i i. ' o 2 . '.

IMA':''. t, Wc I n , 1 ,(nlp tr !I tr .:i i (' Ioj. V. ca'

t rt Sein hi a~; e re-n veLv e.v-"'o~ .re~::

levke1le e i in th i 1 i nvf-rt i fat I on, v'i 1 1 . 0 ,1 1 1' 1 *

iliero ie flexibi1 ityv in the choice f MO "ct ai aitances. 7.

i-i.- of' thumb foll1owed An thi L tu:: S t. n~Ci!a low.'te..

val ue for the e-erier en lat ion pac ap ane( (at, " t2VaI, CF ; i.

tn-eelenoy ) -t. well1 as t~he by -pas ( ioc ont tl~e

c.ilI i rlp t PM 'n n I 1,, 1) 1' ort. . A r..':'oinnI ~ 1nn~i t t .

C- t i: tl. i i v L Cf to. ubln-armen i c r I '''ue (_2 re~

4 . '~)~ pto~e .1 I)~ apepIacitann(ee,i 'I '' h

lo .. ,.. ii P ev iC!' ill 1I lit ttPIt P rc.

-e.fixture p rnit board ai itse cit't> -I"''tivil K! e11

i* .. r11. by-!avepa ie-ntor were usred tI.. if 1:

* .'ni r valu te fo r 't t) i. c Pircu it. *.ti '1 .'-.'0(1

lr.. t*, t- r- e',ca e by whichl a dev4 ! (-a iti c -~
t '

i ( lde iiC elder-cI intoc m eta (-tIvIi in d -t 1 -wI -no

f . xt.'nr- N.eeemr-b'1 by ma'.in It -'"C. l P- .

v a i, o f A i f'fererit. sect inn:' -pt, p.' -: 'a' tt.t

ri in d.v i c r- b)ia s ncet w rk

.1 1 sP I"1 L '1 t



A.,i

(a)

RF Cb=10 pF RFC dc

0=10 pF

(b)

j ' T I (a~ ThP ViW CM01' I\S N(IL [)Vi(',

WITH1 BHIS ICI' (U Bl
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where td l7itc ii!Wj" 'i' L), !A : r,,- W r'' . i i.''. ' V '1'l27:

o1 rIttd i tl V I t I. W no e: 1i :' tit I1, it' I I' tte

itlit'H e I'i '1H. t 1i ti 0'r' ne was0, I %eim t'i 'r l (' t'''r''t''

I i rl it LI i.rn i lill"iviiu 'C *i.'rtl P I,! t'.' nunnr'

Ct l i i't ? : ti piti '0 '"''''ii i

i t T ' IS 11itt I i 1" r lyl ii -d - c. .i i ,t 1

1i c 2: r , ' 1-:1 11 toit, o bner wasI deqi' no atnd)H7 ' ' 7'

1 tio t' i 1 ril 1t t'7 "V.'jil it
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Ith jo co tiip rn t it,~i i : r i m r it,

r(tt\ i I tIet :I[ rop r ~i i tt' t' ifli iLt' I I( I.' it j 1i V ((it i l .

i i i tiame t or 1 ho Iti i lacedit I j t, t e r .n A non -io ii e tr

WhoL' re q i 1 ttl I o d r iIl tlit- lol - inr t
nht- rtlumnir;t -I./.'ca

oppoj .ttO I o0 0of theO center hnd (,, lw', 7 ow-impedtlltle s-

icpro trip lines tunectin a-, comib i irig Iice onniec ti ri tt -

to CORLMnr pointn, for RI" power output.. Moreover, these micrn il

set ! ion:- function ato impodance, trais fnrmer22 jan v ii d i nf- an i a r-v

mpt tiace match between thbe 50-Q, impedanic at. tI. (cmblirior t

nc te 1(ow impedancee of the packagred IMAlldio:

ot' tliose comb infing lines is identical to that used on the .

devito micron-t.ri p test circuits described earl i cc. The cir fl' t wrrio

dupi ioated on the two-diode combiner circuit as shown inlg.

and I. 2.

T'he combiner desige utilizes two indep(,eit bia si ou-t;

to oupp] y cor rent-con trol led bias to each I MI'T kiaov ce. '11k

ltileienioneil iijtpl ion' Circeumvent-n potort.li pr'j1 [2 12 e '

runiawaty arid ('lrrcnit. ::~a gthat, cart (c'i'il it

:oItj'ly IlHowevter, t lie two-supply deri -n reqi i- 2 :it 1 VtklW'

thie two) dev co;. 'Thi s requ iremernt i oUni

Ot iw, bian, polt circuits o-n the 'mbe It vuo 'il

tlit hian circui t s incrlude the o-.am(1- ciroo':' -i'O

rfpi.ttO ro; ao wort, ii-ueu on the e--arl i-rn 2 i * .'

'li hI reli P f'c I i o--late each dcv i ct r I' 2'. ' 22.p r"- 2 .

riv f y i i i i p 1y i ri tiP d i r P1! c 'o i r: r i -

f* teram i Cf foi ltr'oirhr'f ur1"c iI fit f. t I! -j .



to t h i 7 Los~t l'i x t ure , aind provi de arn extria ril -as ure of. ' r, I1.

to It, O i re (' m IV y

lii ~ r ~ by te ~'rri( (f 11' j t 1~la I- t :t ' i I.

A Ioa I I I '10 dt-iIlIed I I I. lumin '1% ncroctrip 1, ) -,i ;,!vi(i) .

v ia fo)r the cente r co(nduc+ (-r ofI a cu-ax i a I t ran smi ssiocn l nse 1

I)rot rode(i thr-OLUd I t I erost ri p p I anar surface form in a Tort 7

Si I ver conrtac t epoxy is then used to anchor the micipoint of'f

len~it of' 0.0007, in dianteter ,old bondI wire onto tIhis i'oct.

othe~r two ends of this wire are, thermocompre-.s ion tended > I

end.- of' each micrestrip c,tmbiiin t line. Fi(,ure 1.2 ii uro

the t op view of the air rostip board whicli clearly showsito

rqni itiori requi red to real ize the comnon embiriiq point, i

s I mmo I v ofC th Ii s mlc. r's trip ci co it boa rd t'riu i cat iocn cnan 1)- 1' ;

n r Arpend i x P.. ) iitiure ..PP il Ius1-trates t he pzinel mOOIInl c. fxi

,''iio 1::i :nO thei( cmb inin pert, line. 'I'll, :iel rtouri1.

c rowed in to td coimb i ier tes. I fx tu re fromt ondAe ri r4 th.

The two I MI'ATT devi ceo, are securesi nft, the os s

fixture, by sol d erinF- them into) cvli idrical so: pr heat vk

fast erin ior these( fi rmliy into pres-cri bed cvi 111" ci lo i

fi xtu r assembly * by means of' machi ne sc-rew'- 'il ,i -wl,

suitbleheat. sink was providedi by air cooll nr tJe S"0.

fixture. An addi tional restriction wnoo fosr t, Ili

bias, current. The bias current uppe r lii wil 11C

pa i'tbhis value- resul ted in bend wire!- me *t' 0'II d'v



*

*

I

'V

J



-0 3-

i.2. I 1 nrle Dev ice Charac ter i viat i on 1in the 'I'wo-I) i )I,

Combiner Pes.t i xt ure. The nature of the coax ial-to)-p1 arar tran: -'

tion used on the two-diode combiner circuit is di fferenut from -

single di ode mi cros.-Jri n circuits. Consequent 1y , adld iti al dleviol

character i7.atin measuremnents were carried oui on tiie 11I T'h' &,Cv _:

using, onec-hall cW I the combiner test f ixtureca :i wa. r.

The bondi wi re, onniected to only onre (0mb nhliir n Iinc , a11-w: sre

ment. (,f a 5 ing le dev ice ill a 0 cruit monre ( iil :;'>

two-d i ode co)mb i ncr pepr fo rmalice

ligrue I ,3.P4iIII 7 t -. A usates- th Ie smal 1 -s i tnl 1rtoll ec, !(,

aty pi c (evi cc a.- measue i n th e two-d i be k. -al ntise )11 1t 1,

Data for three different, bias currents are shonwn with banorw Cit~i

14.W) to 14.9' (Iliz. Peak srnal 1-si goal rai n at rmfT 4' ' 2 1-

s 3.7 '(W.

iAll0g a~b short-ci rcit ctprim , :Esnin l5't.

ti jIc atlii ('(mIlt 111 2 C llbai lp !")r n tO 'll, ~ 2

in t.1i two-i io)dc obi te t. fi Xt'l'o. The vIaJ I '~~

i *4is plted rmmal i s'ed to 5 %C () 71 on ,ni ,,II Ch~Irl

thlree d f f e r.eIIt, b ias ceurr vt leelI 'I I -lct i va- i(Ov (. 01.

sr tcrr, ar prnxi1mately 4. tmI 14Q (,2. Tn: i rs et, c ig 3

.sri hsIll measuiremenit, referenrce pla ur, ' I, i ...

mc ~ ~ ~ ~ t ocoruriei ~a~(:,,be(20, l. '., v

'or': :bWnj Wnjl hrv aitscte;; ,- 'o s I

I,! 0 or, t a 11, ri' T-1 et1 W 141w 1 . '

d-iI ;r ) ,iI
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'i'It' eriH'tU :ict V~rru in;!' t- jcv ti- c1~rvt:; inrlii-

comb iner letrIttit with ret-pect. to the rr(ru,,trii r' I-s 'ixtures

is; probably.v tt.rIbitted t)0 A sssored oerpv , il ri s a0coxiall-tC-T 1 a;t-

tralm ili. on of Ithe two-diode circui t'. rjl hict o abro ta: .

marp in and r f V' l cxihiIi ty in thweic rullt sl ct

-are- i na trasn 'ertswore al so( (Cmauct.t ( ',r.

devices, i tLhe two-diole combiner circuit. i ure 3.' 1 i:.. riins

reflect ion pailli informatiori of a typical conib iner cive i- '( c 2(12

of i npiut, power leveol for tsr veral frequen iCe. '11c' A iiwr

n. dev i ce bi a'ted at a current, level of 1 00 mTA. Tura ~

Fit, anl i iput Tmve r 1level of' arprox iately 5 dlPm ands ur -

g-radually to passivity by 25 dimh of input. power.

The ;,et'ormnmce of a power comb-iner .*s sec i ie_ dtvis-

penerntiOn crability. This can be determined( by rnc'bF,,rr.mcF

roiM ec ted rini inc ident, powers cominxm from i ho tc ce ca

the ic r 1i tference . 'hi s is Ilhe vower- added 0 b' t C-I-" Or Ijet

iromerate-d rower.

i cure 3.':27 iM ust.r'ater tlho measLured pe-tn' o

I dFt" dv i ce i s a fte hti o)n o' ny p it w or 1 eveol . 7',*,

for -or'di t'forenm. froxienc es . iT- a tU ~" ci'c

ml? -r urs t 4 . t (111i, for ain inpi it -rowe r r a:'" -x p-t

rr' ccl moms I cProvidoed ](-,s ?pceort er S 5 -1 "

ion-twa ICIl.<w ial.i t,( be otaimeti 1belo(w ' U.....

~1iC-) ls tcmeo nmcr ca i-u 1 --I' IfIOf tlrd c .1 '

I < i pnI v r , 1 w <at it n l ' r 1i 1-is- - u 'r '

tl1rcttr'Y c tif" l~ir Peffec(t 1'.VI 'lrdsrei Tov!e-r.
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(ni ftier r !rk tp thau t eb , A 1 1 :1 i Ii -1 .r: Y: 1 r- w vT I C. tu

rio C i x fi - r >-p n9 r Irani;. t ~t t t> .. t

t wo-d i c, ie pi tier w ill be pnest o. It, wil I u I.mt uu tt

inr the- oc mrrn i-o lrc icul'o c r nc 1( roil EQ sta-bly _c'

rneauxi-r''tr tEs were rot tiE( the we,-c I' -ct r 'c T 'ci c t

d 'teorri In th eo e rat ii i i

atz'.n I fir nr oo' ii oti' 'u! qtt

pewe -:ur~. rigcvlr T I i 1 tidr ,lot i 1:ma

di e te- wtsoieira scsctirwi xe''V

U, ed tcoval u>l t,( t'he combS 1 li t' z rtc ralic e"pi o,,ar z-

I F -
0 

cftIar 't er r !,! r, -r. the t> be ( I

-, b i bec charct" e *.. it

i - '1 i "": doti'2i

-n tr'' 2liD -I'",

£ciirct-t7. 'hIK t ' irni naico l1 i pt'i11(n.; I t ' 2 tiiiii.' I''$ V 2 l,lt:

one jfj.(fr......la t' 6iuit i t . .I

4 'Vi c- lliid



I I?.ir Ii t'I It t.It( e'x I(,r.irierit,!; on Iite r, i n tr i j, (- miabiir , i av i a-

1) i i rijrrrrtn t.1 eve I:- were vfii it .:.jrne'd ti the( riitJ )1' 80 to I(I') riJl

per dcvic CeW ii (ies mdi Vol] tjiigE; Cif 1i', f,, 10 V. Ilh I i

I i mi tiat i on was i mlposed fo r two reasons, I ) tfie 0. 000'( i ri di arte r

gold bonding wire used to connect (devi ce to circuit. can onlyusai

approximately 170 mA% of current before melting-,, and any benids o)r

kinks in this bond wire even further reduces, the abil1 ivt of the-

pold wire to handle current, subsequently reducint- the' rieltiri-

curr-ent, l1imnit. evert further; arnd (Pi2) the beat.-:i irk . ronerliIei; cof I,,(-

packar'cd IMPATT deices,('0 are not, adequate in a n roI.r:c : ii'(U

env ironmnent. i as current 1 eveli grealer than 1 3o nA ies -ulted

dest rut.it on M't (Qvict's. A ir cooljni rihe elrcu i arid rr.vi a r C I

oin pl ates wns riecessary

3.2 P.d Srall-sirnal expierirrcntai re1i ti. ri

s:mall-Signal expeiement. were madec on t he two-d i de ml crost ri

combhi ncr operatinf o n ian ampli fi er mode. VIpr .8i1utrotj

the sinai 1-s ignal refleoct ion go ainr meas,-ured at. Itle coMI. 1r. 1 rip r

the rni erost r ip comb iner . Datan for dlffc-, il i hi, sru rs ev--

85 t,,o 1(00 rmA) are shonwn. prrxiaelh ii dUi" 'i a :ig

Fain w-is- -ich ii v(-- at. a i 100 ri\ bias le(vel it. ai 'rerruenc V of4. .

The tip icail fLt i ve-devi cc bnandwith was primtI;

with fractioanal 31 dl bandwidths ranrin op ror -i;poxn rate ' . K

3.2 pecent.

The smnai -signal ccrrmbi or impelarnoi rf"

inf, po)int is shown i, Flip. 3,.29 for bisrirre r.' ' ar

rrA . 7hro.t at a 1 s pre sett i n ft e i r v r- r s e r' ri

plane , as de r ibled e-arl ifer. The lcatd r o''' IIr .
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beyonri tlt, mai(X11111 i 1.10e .uwn !n ' .: i h .rr:lr f I

binrie curve r7V' iLXiwrt t, :wiair the -,riter ' ii-

the W point anid oaIi1i uok iiliIiflI. Z3uch i tjr:V' -

eVerl-ITIOie 0.'Wil 1 tt,01 oa r

nt't -ot iorl ra; r a1 l 91 i1 dOIIIce- i vfol wo1' V 12. 1

corel~ i t 111 it rnitic 11. i Wa wLy IV rII 1 -1n 7- :. iKw.....

~tt ti~~r ('1I' , 1 aiw-d irwt i!.i:,I : '

top vo -in> c Vt lu mi npu!, rowe r I (vII. '111', -~.

the !tIIV I 2(1(CI.if (100 ~f~jVic )rnt, VaI 2 V rij 1-41 M-oWt' L t\- C

I'!( t- 'r i' 1('o I'( 1 2f'" I 1'- 21.V

o d 1~I1VI I 1:1Vttul v 'I''1'71 ( 11 .11I 'S I

*W r '
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tgnenrl v -n

where 11 fi.- the refi ectei power comIing- fromril".. ci iorlrer 1"tv .k

11 i is the inc i dent exci tati en lowe-r- i njeced into the rOicwrk, a!,r.

Ii.n- the mragrnitude of the network reflect. ion coeo ff1cierri. :'ilu~a 7cor,

.5represents, the power gent-rated (added irower) nty tie, JV4( i -,vc e/rerwr.

The added power !,. a u:--efuI mianure of the erilargfntjr. :

ined icated in Jig.- 3. _V, the i-we-r enerated va :.'2:'tn r

will he idenitical it' meiae-ured at, the noivice erri2 r ,t '"

more, ace eneri ,' me nr netter: I lrtno An afC)re' t;(,2 )re:'

L I I *.v i a jC , t

whetre u i t 1 .:v te it rau s i f P d v :' 1 Iv ' ri i i 1: 21

th koI -d -v ie, it :-trtl 'Y T 1 t 0 I i VN1 lie, ' iw'

can ii 4'I 1c k. in rl. 't ( , t )1I t,12 co: ne .~i~: 'S .! 1, .

hiow rl th Id 'va r,1 '. al pe i 1 1"v lwnI -t .. ~

ort i mral I v n:; 0 far(-d ' r rv! rI ir: r:rtix ina' imum: y

wnivi. nrm, fr;i, -I ;t.i W ft, t . 11 I f .t if,' i I i 'I' r. V0
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di fferences in the circuit-. ValIues Of , SI I i tty Y s I W Ia Ir I- Y

do offer confirmation Of h~igh comnbining efficiency. I n a realI

c omb i tier , thie i deal comb 1fin i rig e f f c l ency n f sri i t.y 1 oft ten una ta i I

able. I igure ., shows the combiner greneratod power p1 otlt, ro s

fun ction oif iniput power l evel for various frequencies , an:t

at od power occurs; at. approximately 1 58 mnW of' input power at, ii

frequency 01' 14 .7(Th CH,, Il peak level correspond.- t.o approxirat~ely

13') mW of' power supplied b)y the combiner.

The moasnI rod Irgs gali mpodanico (4a aor the tw-i, W::1

Combiner is. shoIwn in 11g . .34. I'he dat) 1in !Ior biu as curront

90 mnA. impediance l evel for the frequer i 's. 7,1 5:rr.i

(1 irt e-shown s pj cal irig, outward toward the per imeter of0 t lie chr

and rofortonroi to the eombl tier comqblitw t o irlt .ioi r

et'e.;cu 1 'enn for sotre tieoquenwe o whi rf n.rns'i

0:'.4.4 ;ci I I t~i n'ILorii'e ~ t,'

X1 1 (1! i:;n ' IIIn t o,, t :;n t c)n' ;' i!. '.1 3 s l i i ti~ i t il I"5

im Lt inIi TIlk cal I n iw Vi deni t o 1 lie olint i e I- 1)-.' 1" -

cr I II (,:- k' 111zItoeI '>e rat. jell. F! -ure .' l

a Iwo t. r im aIril:e l iisI cat, rn n eolI 5ir'

Ore 11ci latnr. power wlks :tchi 1eye'd Wi tbl botl 11 (-mii nec IM deN:

Pi1~1 fit, 10 ri' nA relsii IA in in. 1 I) n'W ( ' ::1 1'" 1 W I I

ocoic I fr! quene-y aLway fromn the saul -. !1

;po is t :,hi! it- duie to tw lnaI:r-C~--sirinmrl efl-'i I fIi :1 l: o.

calI n,nin ieI t-airn fit 'on' 1,hn t I r Im 1 ,ir m I
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okmla lotr wi t 1 that. (), t i it'] dov as' oh rn Qtiii? 't i /2ed iI 1 4.h

(.ombL i 1ncer c irI.cIi t,. Sincle the tr ans formred propert ioen of the( two,

dcvi cet adi in parallel at the combining, point, halving, tl.e

impedane of a single device should result in a prediction>

diode operation. The measured and calculated small-signal jmred-

ancezi for the two-diode combiner is shown in Fig,. 3.37. 'lhe a i

Fiven for a bias current of 90 nrLA with the cal culated ipas

obta nied by using one-half the measured impedance of a sinF.le

(1 7,v 1 (- ',. A,,- is evident in Pit- .3. 7 , c lose rreeno .It haEs Lee> as

The men s;utred data exhibits highietrgain that, -re dicted . 'h.7> 1,

to) coiipli no ons when the dinle dvi ce was- nT:-%is-.1ied 1r 11h(- t-,&--

diode combiner circuit.. The closely spaced riorntrip crmbinn

linen allowed coupling to occur and lowered the effective -tn

achievable with a single device.

comparison of the generated power Cahlt of jf

diode combiner and the single device clearly verifies the rower-

nu1mi rg function. The maximum generated power measured for a 'vol -e

de~vice was- approximately 45 mW at a l-eve] of P2o5 of mntuil inwer.

The maximum generated power measured for the two-s ioeecobir a

135 mnW at 22 dBm of input power. The level measuired for t'e- r

device obtained under low gain condit ions is, therefo~re, a-cr'-

rensi tive to e irciri i losses. Nevert,hC-F": as so'

terms of added power i s shown f,-)- wo-d" i Cmu. I71'j .. ' (,;1j- .

Moreover, the stable operat ion of' thlis Coatl i r.5 ': - .

the improved power cauability, overi n sintyl 'c'
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3. 3 Coaxial IM hALT Di ode Corrbi ntr Exarrpl-

This sect ion prezverts another von fi cat io~in o the comb irintT

approach. A lossless TWI line coaxial pcewer combiner was reali-eu

from device characteri zatiorn measurements of diojo,,- in) vari or!

coaxial test circuits. 19The development of t stalo oaxiai (-,rn t.r

is described. Pulsed Si double-drift IMPATT idios wert .n o-

used as the combiner devices. The IMPAT'T d rooe .;peei ficatc or:.

the combiner devices are indicated in Appendix C.

1.3.1 Singrle Device 'Pest, Circuit and Diode Characterio.>..,T

liestul Is . A ,- nl cI(-d i o (- c oa xia Ici rc u it was ( des i? ,med and( c on s t. r

for us,-e in itneasrrt the active dliode impedance anld bandwidtih;-

perties of the nyu ilahi e ]MP'ATP devices . The circuit which

illustrated in Fir.. 3.3 89a along wit~h a simit)lo electrical equivaie'.

circuit which is; shown in Fig.- 3.'381) was used to( estabi ;Ti the- pc! t

des i n cri toria for a stable nail ti le dcvI ce rosA:n.!irr ci rcuit.

'The te:d fixture of Fir. 3.0c-i-t50 oaxial tcrs

Mi II s oI 1Wr it. wh i h the center conductor uct.Insas- a quarter-

wNV(- irtI pedarct trans formter. At a renter frecuency of aorxna Y

0('P'I , Ili cf ,Ii 1 line 1, rn ns; forms a 50-b Tiped0 ne 1 oxal- a-,, Co

outtuit ron, t., approximately a 6-Q impediance levol! at. Itie i

pl ane . 'ihe lower I-mpedance vaI ioe provides an no~r-ovesi mat,to

inhereri -1 low impeda(ince associate Iwith packnr'orOt

1,cI used in the tes t fixture center cnratc or S't-( I :-.i I

rA is lanice 1 umtped c'l eomen t wb j ci ro tonai -F7 t hf 1 :f j'' r ,t;:,-

1--ineco for Prorle irr edan ce t ruin Co rtrc(-r r'ntI

ca p,,can c i tot1',, r ealI i z ed by anr o pen, ro ir: i

(-s with the coaxial ce te 
Io 

co',po;L

t he out.put. port ; anrd ( 3) a s i nrl c-sor i :01 w-: e"IY0
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d C 1)ia , t-0 t 1W k didc k ik-:i,; T(V 'tt 1 rv"r 1' '(LK e~ it~ -~ I : v~:2

,,o I(t d rod it .o a .'y 1 ridr i' o pto(- q r 1eat. rinIk :ilA I h. erlt Ir. 'ix

assenib I in i(Id .eoourcly i n plIace w i t' It Ftet i'r-,- 11 flt'cal

the te, t' i xt.iire arid i nnerI azn ntmb Iy appear i 1 1 i ' i 'Iri'i

respect ively .

Dev ice clinratter; ntin1'f dincdes in the coa,'X i :I to.( c.

Df Fir~. . 8 have providied act, ive-d iode i mpedanice ari bht!,;: -

mat ioni to real ino :t ccmb i nr c i rcui F..i vwen .)41 an;. i'1. l

ral t v;icen] cv ice iil1n n refi oct ion -' t in a;

re ferec-- -it, n, monsunrerien t ?)I 'ne C, rren- pondli ,,, t' Vi t n

of a mult 1 ple dlevice circui t. TIhe diata is iliown noa ir; :

froeono~y arid bl-qac current level . It iso.arn 'a

I'lle JIMPAT7 dev ices measured it] tine( coftx :t ii i rnt a:, cx-., ,,

1 a1re act'i 'so banldwidth nlh'i ;ne var jat on . *i nu .arln

0 Ili iIIIi t ii v.n ' no cl : e -ci I I t

tL t

X un it ''. h--1 tr !ft -In' ~ii

exnr'.in. In t 1i\ c- i *'
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phase Va.Iri4l% lot. I,1 t rr ' I I ai] eo ac> jlt' dlc n :

device iTmpe(dancet-f tO i'.)tatt' til-h i (Ijtn':ftt:I 'WV/

where thet atct 1 iV, titv i (, curve wi 'lI To, itit ''c . x '

.i it 2.lalo ':it t,~ - XIa x '

lit ~ : xcl~o i -i II C..' mto 1 80I. .1. , *..

3N'/K~' >'. ti . WV.'i~l il::'." d ~ tO ' x i t1

?:xmc-,.ix 'u1 io. 1t oo ce t

'4,.' 'ar dev2 (.-L. , ,: W.-.

a , -- 1'i lucttc I o , 'I", ~ oomr cu -tt, '1ru'i',s.:t-cv

% 'x l t r'qtc V1 Co,? oi ortoi Iii'' I< 1c, ('tiCA .'~ r. I

pac V' t~:'i't ii t >; o m br~ mort 1: *: rr i *'XI

!.'-'' :c trfii I i t n'flo combt i !, rio otec'V

A> urn-kt tit cnmbirier o ccuit is e~'nl', a .- u c

*~ jx no 1- c- i'T C 'ui t , riO~P I-, 0 o1

v' Ic'. f'>'itlc'I' ':,, tLx wc r' o ro t at, i t te col nmb : i I. . re'

'sac ia t. wi, it 1. I,' mater codes ,ion oth ie combinot' t ~t
!:xt f.O .

rr.;if~at~nc ~'C-U';cc, 0:11 r:]; be b rod a > i:el
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red uced ga inr arid Otiv i ou,; A h i !t, i n thet cent. or Croj nuerney of' th,-

iat'cr' WtVkl (Oig't h iTirjodane-e transformer.

Measurement.;i of in rivi dna dicodes ill I fte coaxial Combi ner e i r'-

cuit e.tb odthet acti v o-doev jo gvi rl arid harndy i rh. ;roporT. ie- on.

dijodticn in the oorribinior oiric'iiit. iiOr i i innf~ rat-t tilt tv;1;kaLI

srrini l-.ii~ril devic c i ri j d: tr Ic r '(, r(Tlc i toc thet'om ill. Ill r ,Cg P10l,

I ri !l it n f !-.i rter torrih 1i icing I i lit length , the(' 'ct, Vt-doy' i cc' pha-(

v.itriat ionl in t t i II too Ia rge. Thi n. ay bfe pa r 1 .' huo to t ile rc'g'

S.tOroe energ- y oapao i t.y (t' theit *,' nr-wniv ci r -ct ovs r the n j ril'ini

cei r'our t. . vifgn' . 40 show .( ith hv icc ~a -~'ilrf cxoig

core.openii tit, to Fig-. T wo obn torvatioA Oil 11 a': V uerkk- !I fi'o La

f'is'ron ( ) adi iti onal c il(i'c t o IOIi fi cat ion i 2 'qU I! ec to a

the'o 1-toia act ive-dev ice p-han;e varia i or ; arcn th

max imum dOV ice' ga fjri OCcur-S Ut -I highr f'requencl' In) t he combniner c i r'-

c71il t lucr in thle -n..ic di ode ci rowit . (lil ii in ill uovtat
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drilled after the sub.,trato board was cut. Due turi' cI:rl

drill limitations, this. appraoeh made it very (ri.,iFicultJ cirte7

center the ho]le via on the circuiit board. The vLt.w xu'

by utilizing' a coceti ol11e symmetry; tir. viaI:'l ICAI 2

formed si muiitanentis lv with th1w circviit tn'vrd cut I' C0

single, circular drill I it). p.u'2~c ICtC~l 2

require centered v;L, is 12 madc flj)it' 1r- .tI. vo 1

Iechn i pie.
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O'DD- AND P:Vi';N-MQ.DF EQUIVALENT CIRCUIT DFERI'VA'TiON FOR A

THREF-DI ODE LOSSLESS CCOhiPIliER

The -erierail oscilliation condition for cirn> s/Lrt~

combiner wac. iriverl in Eq. 2.3. This ijpt~:ndiix willrun

S er ivat ion nft lteno rmal mode-s of tosc'ill at ion 1)r 0 eedj

o:irner syt ot~n, be-i nn inj- wit hb the gTeneral cnstraints lr%.: yso

thie nocr c I ai on rood]t, ion a n t enrid In g w ith th c eu iv al o-n t, . r .

a00 oitcod witi o Cod and eve:n mdes.

Wif-ire A.". ilustrates 1-he three-device combiner circ--it . 7r,

sire-' it mnth x oi --roc ot ed with this comrbi ner jneroa S:~C r

city, W *T :. ad al symmet 1 ' to gTive
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AI IVNPI X H

MICIHOBT II CIBCUIT WO)ARD IA!MRI(AT ,'fN

Numerous microstrip device and combiner re:I, circuits hla

been designed and fabricated in this investi ,qtJon. The steT'

involved in the circuit board fabrication procedure are .escri no:

in this appendix.

The substrate material used for the micro.trin circuit: I

this study has been exclusively alumina boards-. T:e u i,.l

boards were avi.ilable in I x I in and I x V in oquare: ,

thick with one side highly polished, With some 2f tie cr,,nr

test, ci rcui t.:, an ul trao-orii c impact drill waF n t,(

to real ize a comraTn comb ininf port. before any c 1ci fat.'

process i nrf.

'rice completed, each circuit board wi : .:,ieu -: ,

r tat, t fi f xture w i t condu ttive two-c I- 5rn t:t : c :.:' ,Y'-

c, r,.:sion wirt- bonds made at 1')0'' to 2"Y T were u; f- - c7-,.

tb e'viceol: to the circuit board.

A summary of the fabricatori pr'oco,:r fr a mie:':-I ,

b-ard is as follows:

1. The blank alumina board placed int, a , Iereon.

solution of hydrofern peroxide nin sul ur:ic acii (E 'I +

anl heaOed un(.r1. 1(ow heat for a proxir.ately ,l rati 7. 1-:.:

claI s tan I a I ri r nt 7Lr move s t ) V 1),.< 1 t;'uI a .

interfere w iii lt, 1 hoti t i h ,r .phy.



The' h):t d i ; rel'movted I'rri theo 1 ' '1L[I i gt bt , ri t Iar

dried with nitrogen gas. it i.; immediately place-d in a tiein,

closed container.

3. The clean board is placed without delay into a bel .ar

evaporator where approximately 500 of chrome and 2000 to 30t;' 2

of gold are evaporated on both sides of the board (chrorr! e a'

an adhesive for gold on alumina).

h. Following chrome-gold evaporation, the board urderi-o: a

degreasing step in preparation for photoresist depositor:

a. iloard is heated in trochloroethyline for 5 i1 r. r Yr.

b. Trichloroethylene is drained out, and board i:" boyJ<' j

in acetone for 5, to 10 min.

c. Acetone is drained and board is rinsed in rt i;,'1( 1

and then in di-ionized water (DI).

d. After DI rinse, board is dried with a tragrn car at*.

iplaced 1 n a clean oveni (- 60O°C) to thoro~uChl y dry f or app~rox 1matv

AZ-] 375 full strength (positive) phot(reri ci r] ti 1K

onto the smooth side of the board. The hoard is thte ?r;un

approximately 3000 to 3500 rpm for approximately 0 s. .

results in the situation shown in Fig. ].]:.

6. After ai r drying for approximatel y 2 1 '7 min, 'l..

boa-trd it; baked in a 90°C ove rn f(,r one iur.

7. fter rhrtore<rst bak inc- it; car~ t. I, t'I I ;c

removed frm v ri adl c(oole d. Thew mieroW ,i ci 'Cii Ta',

mlicri t on the boer as indicated in FiP,. 1' 1) anti XI p).',



(a) Photoresist Baked on Substrate.

(b) Board Is masked And

Exposed.

(c) Board after Develoninq.

(d) Gold Is Electroplated onto
Regions Defined by the Photo-
lithoqraphy.

(e) Final Result.

1; ~ ~ ~ ~ ~ ~~ -,H .C(2I i'CI1iINICATI 'I
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(typically with the available mask aligner, exposure time requirec

was approximately 3.5 min).

8. The boaro is developed in AZ-developer for 4 min, vigorously

shaking the board in solution.

9. After developing, the board is rinsed in DI water, result-

ing as shown in Fig. 1 .1c.

10. The photoresist protective coating is examined under a

microscope for flaws. Bottom side is also checked for residual

photoresist, and if any is present it is carefully removed with

acetone-tipped swabs.

11. After a satisfactory microscope check, the board is place-d

into a gold plating bath solution which has been filtered and heated

to 60 0 C. Current gold-plating bath has the following specifiI L§:

a. Plating rate: 3 A/ft2

b. Denosit rate: 0.001 in in 14 min (at plating rn ;

c. Plating temperature: 60'C

In practice, pl ating time is adjusted so as to KIsrtto at currert

levels of 20 to 40 mA, with higher current lev] n:e: witi. ] ari-r

plating areas. if unsuitable current levels are used, a soft

dark-colored gold is obtained. This situation is undesirable for

bonding purposes.

12. After plating for a specified time, the board is removed

from the plating bath and rinsed thoroughly with DI water. At

this point the alumina board appears as in Fit. }i.ld.

1 3. The board i,; now soaked in acetone to) remove all ,ho,

resist and then rinsed with DI water.

_______
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14. After dryinf with nitrogen, the alumi rit board is; p1aci

in a gold-etch solution for approximately ] 5 to 30 s (until chrom<

i. visible) to remove the photoresist proteot(d Au, rinsed in DL

walor, and again dried.

I. A final etching step is performed by placirig the board in

n chrome etch solution until all visible chrome is removed as shown

in Fir. B. le.

10. The microstrip circuit board is completed and a final

microscope examination is performed to confirm a suitable line

qual ity.



r
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AI'I'NDIX C

DI ODE DATA

C.1 Microstrip Diodes

Diode No. 22

QIMP-7999 Lot No. L3Y06-4C

F =14.3 GHz CT @ Vb 1.6 pF
0

V @ 0.5 mA, 93.4 V = 9,0 percent

Peak P 17.5 W Peak V 12? V

Peak 1 = .6 A AT. 12 3C

= 7.2C/W

Diode No. 21

()IMP-70q 9  Lot No. L-3706-4C

0= 14.2 GIHz C5, a Vb 1.79 mF

V P 0.5 mA, 93.5 V 0 .5 Pelreent
b

Peak PF 17. W Peak V 13Voo

Peak Pop 1. A ATjave -

0 7.1° C/W

Diode No. 36

QIMP-7999 Tot No. I-

V - 14.3 0Hz V . V .7 V}
OV

0

b 0.5 mA, 93.8 T c. reent

Peak P = 17.5 W Pak = I?? V

Peak 1 1.5 A T =l
ea T opv

=T- 7.3°C/W

... , .. . -... ... - . . . .. T



MP/7999 Diode No. 2 >13

Y)e ak P = 17L. W -i'tak V 2V

Peak 1 1 .7 A ,AT

Diode N~o. I~

P'IMP /7900a Lot '(-.

V b Ph mA, 93.5 V r ~~n
UV

C)



C.-2 -CoaLx ial Di otdc;

5082-071 () Lot No. P-4-1',

f = 10.1 No. 20
0

Vb @ 0.5 mA, 116 V CT @ Vb 1.97 pF

P = 12.8 W n = 10.4 percent
0

I =84 A V =17 V
op op

0 T = 6.1 0 c/w ATJave = 169 Oc

5082-0710 R-4-5B

f = 10.1 GHz No. 63
0

Vb @ 0.5 mA, 116 V CT @ Vb 198 pF

P = 12.8 W n = 10.2 percent
0

I = 0.84 A V = 150 Vop op

eT = 7.0C/W AT. 198Oc

T
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